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ABSTRACT f
1%3#?

Porous tungsten pellets were further improved during the con-
tract period by using highly classified spherical tungsten powder.
Neutral efflux as low as 2. 7% at 10 mA/cm2 has been measured, with
critical temperature only about 20°K above that of the solid metal.

Hydrocarbons efficiently carburize the ionizer; therefore their
partial pressure should be below 10-10 Torr for the 1000 hour test.

With carburization, the critical temperature increases, and in the case
of WZC and WC the neutral efflux increases due to the lowered work
function. In the case of pyrolytic graphite deposits, the work function
slightly exceeds that of tungsten.

Cesium ion desorption energies, measured by the pulsed desorp-
tion technique, are in reasonable agreement with the theoretical inter-
pretation, if the quantum-corrected image force and the ion polariza-
bility are considered. These measurements are in good agreement
with desorption energies computed from critical temperature data, if
changes in surface coverage are considered. (Cu >

The ion microscope was put into operation, and maximum mag-
nification of 130 has been achieved to date. The immersion lens offers
low distortion pictures. The unit permits measurements of work func-

ticns on the magnified area.
Most of this report has been published in the following journals:

1, 0. K. Husmann and R, Twk, ""Characteristics of Porous
Ionizers, " AIAA J. Vol. i, 1653-1658 (1965).

2. O. K. Husmann, D. M., Jamba and D..R. Denison, "The
Influence of the Residual Gas Atmosphere in Space Chambers
on the Neutral Efflux and Critical Temperature of Tungsten
Ionizers,' Bull. AIAA, July 1964 (to be published in the
AIAA J.)

3. O. K. Husmann, ''Alkali Ion Desorption Energies at Low Surface
Coverage on Refractory Metals, ' Bull, Amer. Phys., Soc.,
Vol. 10, 68 (1965) and ""Alkali Ion Desorption Energies on Poly-
crystalline Refractory Metals at Low Surface Coverage, "
Phys. Rev., Vol, 140, A546-A551 (1965).

ix



I. INTRODUCTION AND SUMMARY

During the contract period, further improvement in porous tung-
sten surface ionizer characteristics was achieved by using highly classi-
fied spherical tungsten powders. In particular, pellets made from 2.4
tungsten powder and pellets coated with 70% dense 2.4 Mtungsten powder
yielded low neutral efflux. At 10 mA/cm2 cesium ion current density,
the substrate (with 9. 6 x 106 pores/cmz) coated with a 5 mil layer of
70% dense 2.4 pspherical tungsten powder yielded a neutral efflux of
2.7% . Ion current densities up to 25 mA/cm2 have been measured.
Still further improvement may be achieved by increasing the coating
thickness. The critical temperature at 10 mA/cm2 is about 20°K above
that of the solid material. Neutral efflux F(%), pore density N per
square centimeter, and ion current density j in amperes per square

centimeter are related through the equation,

. log F = 0.8 (logj+8.75 - log N)
The pellets have been evaluated by use of the ion beam deflection tech-
nique and are not affected by back-sputtered material from the Faraday
cup.

Hydrocarbons easily decompose in the presence of the ion beam,
and form fragments of the original molecule, including carbon. De-
pending on the deposition frequency and the bulk diffusion rate, pyrolytic
graphite, WZC’ or WC may be formed. WZC and WC cause the work
function to decrease, and work functions as low as 4. 0 eV have been
measured. The pyrolytic graphite work function is 4. 62 eV. The criti-
cal temperatures exceed those for the clean tungsten surface and are,

for pyrolytic graphite,

T_ = 13,000/(6.75 - log j) . °Kk



and for the carburized surface,
T, = 14,620/(6.92 - log j), °K

A smooth rolling over from low to high ionization efficiency is observed
for the carburized tungsten, in contrast to clean and graphited tungsten.

To avoid the deposition of carbon on the ionizer surface, the carbon-

9 Torr for the

100 hour life test;, and correspondingly, should not exceed 10-10 Torr

3

aceous gas atmosphere pressure should not exceed 10~

for the 1000 hour life test, with an accommodation coefficient of 10~

Contaminants (primarily rubidium, potassium, and sodium) in
cesium shifted the critical temperature from that of clean tungsten to-
ward that of the additive after about two months of continuous operation.
(See Table XIV.)

The cesium ion desorption energies at low surface coverage on
rhenium, tungsten, molybdenum, and tantalum are, respectively, 2.2,
1.95, 1.72, and 1.65 eV. The cesium, rubidium, potassium, and
sodium ion desorption energies on polycrystalline tungsten, at low sur-
face coverages, are 1.95, 2.07, 2.22, and 2.33 eV, respectively.
These data, measured by the pulsed desorption technique, are in good
agreement with a quantum mechanically corrected image force and a
second term, taking into account the polarizability of the adsorbed ions.

Alkali ion desorption energies, computed from critical tempera-
ture data, are in good agreement with the above data, if the changes in
surface coverages are taken into account.

An ion microscope has been developed, with magnifications up
to 130, which yields excellent pictures of the ion emitter and the sur-
rounding molybdenum support. Greater magnification is required for
the investigation of the ion emission mechanism at the pore exit. The
microsccpe employs a Faraday cup to measure the electron and ion cur-
rents from small patches. This cup is located directly beneath the ion-
to-electron converter grid. Ultrahigh vacuum techniques permit mainte-

nance of clean surface conditions.



II. ION SOURCE RESEARCH

A, Introduction

Ion source research supports the ion engine program by pro-
viding an intimate understanding of the relationship between surface
ionization on porous refractory materials, the pore density, and surface
contaminants. These factors are of great importance in the develop-
ment of long life contact ion engines. During the period covered by
this report, the relationship between pore density and neutral flux has
been confirmed. Recent improvements in porous tungsten pellets have
resulted in considerably reduced neutral efflux, the major consideration
in long life ion engines because of its related drain currents and elec-
trode sputtering. At this time the neutral efflux can be maintained as
low as 2.7% at an ion current density of 10 mA/cm2 on the clean tung-
sten surface.1 With the same pellet the neutral efflux would increase to
about 139% at an ion current density of 25 mA/cmZ.

Incandescent tungsten is easily carburized by carbonaceous
gases, particularly hydrocarbons, which are present in most present-
day test chambers. A detailed study of individual hydrocarbons (rang-
ing in atomic mass number from 16 to 128), as well as of carbon dioxide
and carbon monoxide, has been performed. It was confirmed that in
the case of tungsten carburization, work function deteriorates while
the critical temperature for surface ionization steeply increases. If
excess carbon deposits on the tungsten surface, it builds up a layer of
pyrolytic graphite, which has a work function nearly that of clean tung-
sten but higher critical temperature.

Critical temperatures exceeding those of the clean surfaces are
detrimental to the total efficiency of an ion engine. Therefore, very
strict vacuum requirements must be maintained during the ion engine
life tests to ensure the required surface conditions. The partial pres-
sure of carbonaceous gases should not exceed 10-10 Torr for ion engine

ground tests of 103 hours.



For a better understanding of the emission characteristics
around the pore exit, an ion microscope with over 130 magnification
has been developed for ion and electron emission studies.

Initial results from critical temperature and work function ex-
periments conducted with additives in the cesium on the fuel side (at
109 levels) indicate the importance of highly purified cesium for long
term missions.

Average surface lifetimes of alkali ions on clean tungsten have
been measured; these data contribute to the estimation of the surface
migration length, which must be known in order to determine optimum

pore spacing.

B. Experimental Equipment

The experimental equipment built under this contract includes
completion of the first all-metal cross tube. The gun, neutral detector,
and Faraday cage of this unit had been completed during Phase III of
Contract NAS 5-517. In addition, the second all-metal cross tube, in-
cluding the stand, was completed as well as the ion microscope with a
130x maximum magnification. All cross tube stations are equipped
with the CEC 21-612 mass spectrometer heads and are bakable up to
1500C (without removal of the ferrite magnets from the 200 liter/sec
ion pump); the pumping system provides a mercury diffusion pump
as well as the ion pump. Mechanical and mercury diffusion pumps

are separated by a zeolite trap.

C. Pellet Evaluation

Twenty-two pellets were evaluated. A few of these were dis-
carded after the helium flow rate check because of a fracture in the
emitter. In general, such a pellet was exchanged for another one of

the same make.




Prior to copper evaporation, the pellet rim was highly polished;
following copper evaporation, 2000x photographs of this area were used
for the statistical investigation of the pore density and pore distance by

the traverse technique., '

A sufficient number of photographs of each
specimen were taken to insure more than 103 pore counts, in order to
keep the relative statistical error below 3%.*

All pellets reported were electron beam welded to a molybdenum-
support in the standard ion gun (see Fig. 1) and then flow rate checked
in the molecular flow range at temperatures between 1000 and 1600°K.
This technique is described in detail in Ref, 2. It is particularly impor-
tant to measure the transmission coefﬁcient*"< at elevated temperatures
because pores are easily clogged by small amounts of any liquid at room
temperature. Gases used in these measurements are helium or argon.
Prior to the flow rate measurements, the total pressure in the vacuum
chamber (evacuated by a mercury diffusion pump) was in the 10-7 Torr
range. The mercury diffusion pump is backed by a mechanical pump,
with a zeolite trap between the two pumps. During the flow rate check
the pellet was temperature calibrated with a pyrometer. This flow rate
check provides the additional advantage that small cracks in the pellet

-1/2

usually show up as a discontinuity inthe T slope of the flow rate

versus the pellet temperature.

D. Electrical Characteristics of Porous Tungsten Pellets

The electrical characteristics of porous surface ionizers
depend strongly on the ionizer surface condition. In particular, oxy-

gen and carbonaceous gases change neutral flux and critical temperature.

"Pore densities (by traverse technique) were furnished by R. Turk.

ale

"The ratio of the number of atoms leaving the pellet after diffusion to

the number of atoms impinging on the back of the pellet.
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Fig. 1. Ion gun assembly for all-metal cross tube.




All measurements reported here have been made in ultrahigh vacuum

to simulate space conditions. The system is pumped by a 200 liter/sec
ion pump after baking at 150°C for 12 hours. A pressure of ~ 107 Torr
during baking is maintained by a mercury diffusion pump, separated
from the mechanical pump by a zeolite trap. Prior to these measure-
ments, the total pressure is in the low 10-9 Torr range. Typical mass
spectra (mass numbers ranging from 2 to 80) reveal only small amounts
of water vapor and some hydrogen. Partial pressures of oxygen and

the hydrocarbons are below 10-10 Torr, and are beyond the range of

the CEC 21-612 residual gas analyzer used in these experirhents.

Figure 2 shows the all-metal cross tube connected to a 200 liter/
sec ion pump on its test stand. Figures 1, 3 and 4 show the ion gun,
Faraday cage with titanium liner, and the neutral detector with outer
deflection plate. Figures 5(a) and (b) give cross sections of the ion
beam deflection tube and the ion gun, respectively.

The accel electrode consists of two layers; the layer opposite
the ion emitter is provided with a tungsten filament to maintain, by
neutral efflux, the cesiated electrode in the minimum of the electron
emission S curve. The upper layer of the accel electrode is water
cooled to eliminate thermionic electron emission to the Faraday cage.

The ion beam is completely intercepted by the faraday cup, as
indicated by the sputtering pattern inside its titanium liner. In addition,
the circular ion beam expands proportionally to (i/U3/2)1/2. With the
perveance of the ion gun (space charge limited range) at P = i/U3/2, it
is clear that the ion beam expansion is independent of the ion beam
current, because the expansion is proportional to Pl/z. To avoid ex-
cessive ion beam expansion perpendicular to the plane, the outer
deflection electrode carries side shields, as shown in Fig. 5(a).

The perveance of the temperature-compensated ion gun is constant,

and for cesium is 3 x 1077 A/v3/2,
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Fig. 2. All-metal high current density cross tube.




M 2960

Fig. 3. Faraday cage with titanium liner for all-metal cross tube.

M 2959

Fig. 4. Neutral detector for all metal cross tube.
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Sputtering of titanium from the Faraday cage onto the ion emitter
is impossible due to emitter shielding by the accel electrode structure.
No change of the emitter work function has been measured, even after
prolonéed operation with 25 mA/cmZ cesium ion current density. In-
terception of the ion beam by the deflection plates can be easily avoided
by proper alignment. Secondary electron emission from the Faraday
cage is intercepted by the strongly positive biased outer deflection plate.
Consequently, the ion beam space charge is not neutralized. The
Faraday cage secondary electrons do not contribute to the ion current
reading, because the high voltage deflection potential is connected be-
tween the Faraday cage (which is insulated from ground) and the outer
deflection electrode. The ion current is measured between the Faraday
cage and ground.

The Richardson work function is measured prior to the ion beam
experiments in order to check surface conditions (see Fig. 6). This
measurement is repeated frequently during the pellet evaluation. Prior
to emitter cleanup, the electron work function generally exceeds that
of clean tungsten (probably as a result of adsorbed oxygen), but by
heating the pellet above 16000K,1 3the surface usually cleans up. If the
work function is below that of clean tungsten, oxygen with a partial
pressure close to 10-5 Torr is added (only while carbon monoxide is
indicated by the mass spectrometer). If volume carburization occurs,
the pellet is discarded. Application of high temperature and small
cesium flow rates frequently cleans the pellet in a few hours. Finally
the clean surface is indicated by a Richardson plot with work function
4.55 £ 0.05 eV, with A = 120 A/cm?® - deg23 its temperature usually
measures between 1200 and 1700°K. Pellets which do not yield work
functions between 4. 50 and 4. 60 eV are checked spectroscopically (this
was done, for example, on thel EOS E-3 and EOS E-6 pellets, as well
as on the Astro-Met 10-1 pellet). The results are given in Table I.
The importance of the work function to the neutral efflux is indicated

by Fig. 7, calculated from the Saha equation. At a cesium ion current
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density of 10 mA/cm2 and with a work function of 4.4 eV, the neutral
efflux is 2%;for clean tungsten with a work function of 4.54 eV and at
10 mA/cm2 current density, the neutral efflux is 0.6% (solid tungsten).
The spectroscopic analysis indicates traces of silicon, magne-
sium, lead, iron, aluminum, copper, nickel, calcium, and chromium;
carbon appeared in a few pellets. If the carbon is not excessive, it can
be removed by oxygen. Oxygen also removes silicon in the form of
SiOZ. The effect of the remaining metals (besides copper) is not well
understood. Copper and chromium are evaporated at elevated temper -
atures. Iron, nickel, and aluminum form solid solutions with tungsten
if they are present in small amounts. If small amounts of nickel or
iron are deposited on the emitter surface they will probably re-evaporate
at ion emitter operating temperatures. After cleanup, the pellet con-
taminants should be limited to a few parts per million and no carbon
should be present. The tolerable limit of all contaminants is unknown.
If the contaminant is concentratedina thin surface layer and not equally
distributed throughout the pellet; thetolerable limitis low., The evapora-
tion is proportional to the partial pressure of the contaminant under
consideration (if no diffusion process is involved) and follows the

equation

a=5.85x10%p <M/T >1/2gcm’2 sec™?
Torr ox

At 1350°K, for example, the partial pressure of nickel is 7 x 1074

Torr and consequently the desorption rate is 8.56 x 10-6 g cm™? sec !,
The neutral flux is measured opposite the ion emitter (Fig. 5(a));

these measurements are independent of the deflected ion beam. The

signal-to-noise ratio is optimized because of the collimator design.

The collimator is optically and electrically aligned from outside the

vacuum chamber. The neutral efflux characteristic may deviate occa-

sionally from the cosine distribution, e.g., in the presence of a straight

channel through the pellet. A change in the efflux characteristic is

15
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indicated by a change in the neutral detector geometry factor at current
densities below 1 mA/cmz (i.e., at ionization efficiencies above 99%).
Evaluation of such pellets was discontinued. In addition to providing
accurate neutral flux measurements, ion beam deflection offers the
advantage of eliminating target material back sputtering from the
Faraday cage to the ionizer.

The cesium neutral efflux depends on the flow rate per pore and
the work function.1 The effect of the pore size on neutral flux is negli-
gible up to current densities of 10 mA/cm2 and pore densities of 10
pores/cmz. This conclusion results from the investigation of two pellets
from the same tungsten billet, one with both surfaces chemically etched
and the other with both surfaces highly polished. The surfaces were
prepared prior to copper removal. Under clean surface conditions the
neutral flux was 4%, equal for both pellets, inside the 0.3% error limit
Both pellets had 9.6 x 105 pores/cm2 but their pore sizes varied (see
Philips Metalonics Mod E data Sheet, Fig. 25). The neutral detector
error limit is 0.1%, low enough to evaluate porous ion emitters in
the range between 1 mA/cm2 and 30 mA/cmZ. To account for systematic
errors other than the statistical error, the error limit given here is
0.3%.

Surface roughness may become important at higher current den-
sities due to overlapping emission centers. With 107 equally spaced
pores/cmz, the maximum emission radius is 1.58 p for each center.
The average surface migration length is proportional to the square root
of the surface diffusion coefficient and the average ion surface lifetime.
This means that the emission center expands with increasing flow rate
per pore. Because the temperature-dependent surface diffusion coeffi-
cients for cesium atoms and ions are unknown, an estimate of the actual
emission center size is difficult, but may be in the 1.0 u range at
higher current densities. Recent ion microscope measurements in-

dicated 2.0 p as the upper limit on tungsten.
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The relation between current density, neutral efflux in percent

2

and pore density in the range up to 10 mA/cm? is approximated by

log (1 - p*) = 0.8 (logj +8.75 - log N) (1)

with the ionization efficiency B* in percent, j in amperes per square
centimeter, and N the pore density per square centimeter (see Fig. 8).
This equation is in close agreement with one published earlier,! and its
error limit does not exceed 0. 39%,.

According to the Saha-Langmuir equation, the neutral flux
depends to some extent on the pellet temperature (see Fig. 9). 1Its
minimum occurs at the critical temperature and increases with tem-
perature. If the neutral efflux is measured over the whole range of
current densities at constant emitter temperature, excessive neutral
efflux is recorded at the low ion current density range. Below 1 mA/
crnz, the neutral efflux approaches that of clean tungsten.

Table II lists the statistical data of all pellets evaluated under
this contract, together with the pellet transmission coefficient. The
electrical data, regarding the neutral efflux and the critical tempera-
ture, follow from the subsequent ionizer pellet evaluation reports (see
Figs. 13 through 27). These reports also include the statistical data
and transmission coefficient.

A summary of the data which have evolved from this extensive
study and which are pertinent to engine development are shown in Fig. 8,
in which the neutral fraction is plotted as a function of the number of
pores per square centimeter for the constant current density of 10 mA /
cm?. The black dots represent data points (neutral fraction and pore
count) determined at Hughes. It is seen that the neutral fraction is a
smoothly and monotonically decreasing function of the pore density;
however, a lower reduction rate of neutral fraction is noted for pore

densities exceeding 4 x 106 pores/cm?. The points along the solid
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Fig. 8. Neutral efflux versus pore density at 10 mA/cm” cesium
ion current density on porous tungsten. (1) Philips Mod
B coated, (2) Philips Mod E coated.
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curve also are representative of the chronological history of ionizer
development. Pellets which do not fall on the line may have partially
clogged pores. Extrapolation to 108 pores/cmz is in accordance with
the Saha equation for the solid material,

Figure 10 shows cross sections ofa HRL2.4 1 spherical tungsten
powder pellet and a porous tungsten substrate coated with 2.4 p spheri-
cal tungsten powder. Magnifications are 500 and 2000, respectively.

The neutral flux from the Philips Mod B pellet reaches 109 at
6 mA/cmZ cesium ion current density when uncoated (Fig. 11). Coating
this substrate with a 5 mil layer of spherical tungsten powder @ith
2.4 1 grain size and a layer density close to 70% reduces the neutral
flux to 4.1% at 10 mA/cm? current density. Higher pore density of the
base material further reduces the neutral flux from its coated surface
(as indicated in Fig. 11 for the coated Mod E material). At a 10 mA/

2

cm® current density, the neutral flux is 2. 79, .

Curves for uncoated tungsten with 106 and 3 x 106 pores/cm2
are included. Their slope is less steep than that of the coated materials,
and we may therefore assume that the coated pellets will improve with
coat thickness. Coating of the substrate with refractory metal grains
below 2 p is not recommended because of excessive sintering of this
material at emitter operating temperature (1300 to 1400°K). The
grain size of the coat metal may be between 2.5 % and 5 . It is im-
portant that the density of this coat does not exceed its maximum theo-
retical density. For spherical grains of narrow distribution this maxi-
mum density is 74%. With wider grain size distribution the maximum
theoretical density moves toward 809%. As expected, the ion current
versus neutral flux from the HRL pellet is less steep than the coated
materials; this is important in connection with high current densities.
Further increase of the pore density lowers neutral flux, particularly
at current densities exceeding 10 mA/cmZ, as indicated by the extra-
polated curve with 3 x lO6 pores/cmz. The neutral efflux of the HRL

pellet is seen from the curve to be 49 at 10 mA/cmZ. Data from the

*0. K. Husmann and R. Turk, AIAA J. 3, 1653 (1965)
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CESIUM ION CURRENT DENSITY, mA /cm?

Comparison of high pore density uncoated
and coated tungsten pellets.




Mod E coated material show that neutral flux below 5%at 15 rnA/cm2
ion current density is possible; maximum current densities of 25 mA/
cm? have been measured for this material with 13. 3% neutral flux.

Evaluation of the three Astro-Met porous tungsten pellets has
been discontinued in two cases (10-1B and 12-1C) due to development
of fine cracks during electron beam welding to the molybdenum sup-
port. The 8-1A pellet did not develop cracks but sintered so strongly
during its flow rate check that it did not appear worthwhile to continue
testing. In aging experiments of the 8-1A pellets (in dry hydrogen) at
1372°C, Astro-Met reports a reduction of the open pore volume from
17.4% to 9. 2% during the first 48 hours; after 169 hours this is re-
duced to 7. 7% 4 Spectral analysis indicates less than 30 ppm nickel
for the 8-1A and the 12-1C pellets and 260 ppm nickel for the 10-1B
pellets.

The work function of the recently tested Astro-Met pellet 10-1
is 4. 54 eV. Spectral analysis indicates no nickel, iron or carbon (see
Table I).

Ion current densities up to 25 mA /cm?

have been achieved.
High voltage breakdown depends on the total number rather than
relative number of cesium atoms leaving the emitter surface. There-
fore, reducing the emitter surface area from its original size of 0.25
cm? should permit higher current densities than are reported here.
The critical temperature for cesium ionization on solid tungsten is

| <
given byJ

) 14000 o
T, = g76s - 1055 © (2)

and that for porous tungsten with 106 pores/cm2 (see Ref. 1) by

_ 12500 o
Tc T 7.37-1log ] (3)

25



It is possible to extrapolate from measurements published by Taylor
and Langmuir toward the range of current densities of interest here
(Saha-Langmuir and Frenkel equations).s’ 6

The critical temperature increases with decreasing pore density;

Fig. 12 shows, for a 10 mA/cm?

current density, the energy radiated
from porous tungsten relative to that radiated from solid tungsten. The
radiation losses in connection with cesium ionization relative to those of
solid tungsten decrease strongly in the density range between 10° and

2

106 pores/cm® and approach asymptotically the value for solid tungsten

at higher pore densities. This is similar to the decrease of neutral

flux with pore density above 100 pores/cm?,

The ionizer pellet evaluation data are given in Figs. 13 through
27. They provide critical temperature and neutral efflux for cesium ion
current densities ranging from 0.1 to above 10 mA/cmZ. Included are
statistical data such as mean pore diameter (measured by the traverse

'~ and averaged from more than 1000 counts) and the mean

technique
pore distance. The pore density is computed from the mean pore diam-

eter and mean pore distance, with

1

N = : ) 2
(mean pore diameter + mean pore distance)

The transmission coefficient is given, as measured by helium flow rate
in the molecular flow range and in the temperature range between

room temperature and 1500°K. The electron work function is also shown.

26
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Fig. 13. IONIZER PELLET EVALUATION REPORT ) : oo e

| HuGHES
pellet type ZW-2.8 sp-4 made by HRIL, test date__1/64 >
pellet material __Tungsten, spherical | mean pore diameter, u 1.6
-5
mean pore distance, u 5.6 , transmission coefficient 4.25 x 10
6
po’res/cm‘2 1.9x10 by —_traverse _ technique, weight density_84_ %
surface treatment _&tched , statistical density-81:2 %
work function _%:2° eV, clean up process Standard
misc. information_Pressed from 2.4 y spherical tungsten powder
' E463-53
SESe = 100 '
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|~
L 10 —
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Conclusions:

test made by Turk/Husmann date _7/64 report prepared by _Husmann




°  Fig. 14. IONIZER PELLET EVALUATION REPORT T e 1

HUGHES
peliet type__ZW-5.3-sp-1 made by__HRL test date_ 4/64
pellet material __tungsten, spherical | mean pore diameter, p 3.2
mean pore distance, u 9.6 , transmission coefficient —_—
5 .
po’res/cm2 6x10 by —_traverse . technique, weight density_81 _ %
surface treatment machined , statistical density_lg___ %
work function__%:5 eV, clean up process __Standard and O,
misc, information _made from 5.3 spherical tungsten powder of narrow size
100.0 _ distribution N 1000 E376-20
= = 2 = ==
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E- =SS T ST e et = E
E = '>_-"
(71} = = = == —
g W-oxide Z z /
7 i /
; i /
w
3 & //
' 4 3
o
1.0 1.0
: 4
r 4
A 7] A . _k_ =
f - 1 1 R ]
0. L l tbed i 0.1
1 t00 1200 1300 1400 1500 | 2 5 10 20
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Conclusions:
. 29
test made by Turk/Husmann date_ﬁl_ﬁ"L_ report prepared by Husmann
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Fig. 15. JONIZER PELLET EVALUATION REPORT ; o :

..... e |
pellet type_ZM_S.P"} ...— made by HRL test date___10-27-64 "
pellet material _tungsten, spherical , mean pore diameter, u 2.51 ‘
mean pore distance, u 9.64 , transmission coefficient_1.13 x 10'4
po’res/cm2 6.8 by _traverse technique, weight density %
surface treatment _¢tched , statistical density__79.3 %

4.43

work function eV, clean up process _Standard

misc, information —made from 6. spheri ten powder
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Conclusions:
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test made by _Husmann/Turk date _Oct 1964 report prepared by Husmann




Fig. 16.

IONIZER PELLET EVALUATION REPORT

HUGHES |
pellet type_ X-N-4-2, Mod-E made by_Philips-Metalonicstest date__7/64
coated
pellet material tungsten , mean pore diameter, u 2.2 :
-5
mean pore distance, u 3.9 , transmission coefficient 8.2 x 10
6
pores/cm2 2.7 x 10 by _traverse technique, weight density._77 9,
coat
surface treatment co2ted with 2.4 p spherical statistical density____ 14 _ o,
tungsten without binder coat density 70%
work function_4.56 eV, clean up process _standard and oxygen
misc. information Mod. E substrate with 125 u layer of 2.4 spherical tungsten
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Conclusions: Pellet with lowest neutral flux so far. At 15 rnA/crnZ the neutral flux

is less than 5% o1
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pellet type

pellet material _Mod B base tungsten

17. IONIZER PELLET EVALUATION REPORT

coated

mean pore diameter, u

_X-B-68-d, Mad B made byPhilips-Metalonics test date__5/64

2.2

-4
mean pore distance, y 3.9 , transmission coefficient _1 x 10

pores/cm

2 2,7x%10

6

by _ traverse technique, weight density_ 80

surface treatment Coated with 2.4 p tungsten | statistical density_81:5 o
powder without binder coat density 70%

work function_4.5

eV, clean up process ___standard

misc. information _pellet is coated with 5 mil thick layer of 2.4 y spherical tungsten

powder. No organic binder.
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Conclusions:

32 a good improvement with regard to the uncoated material
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2.28x 0% PORES PER cm?-
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NEUTRAL FRACTION, %

The 5 mil thick surface layer of fine spherical tungsten powder provides

test made by Husmann date __5/64 report prepared by Husmann
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* Fig. 18. IONIZER PELLET EVALUATION REPORT s .

HUGHES |
pellet type E-6 made by EOS test date 1/64
pellet material __tungsten , mean pore diameter, u 2.7 (1.6 by Hg intrusion)
Prado Labs, Cleveland
mean pore distance, u . 10.6 , transmission coefficient 1.3 x 10~
5
pores/cm®_6 x 10 by _traverse technique, weight density 19.5 9,
surface treatment __machined , statistical density_79.6 ¢,
work function 4.4 eV, clean up process standard
misc, information 3200 ppm iron
) o . e E376-19
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= _ = [l st
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f et 7 o
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IONIZER TEMPERATURE, °K NEUTRAL FRACTION, %

Conclusions:_TLhe wide spread of neutral flux and critical temperature data partially
depends on different surface conditions. EOS critical temperature (T.) data are not
Plotted because of inconsistency of T . by neutral flux and ion current measurements.
33
Husmann

Turk/Husmann date 2/64 report prepared by

test made by
T1T-34




Fig. 19. IONIZER PELLET EVALUATION REPORT e — .

_______ HUGHES |
pellet type E-3 made by EOS test date_3/64
pellet material __tungsten , mean pore diameter, u 1.9
mean pore distance, u 7.5 , transmission coefficient _—
pOres/cm2 l.lx 106 by _traverse technique, weight density12:6 9
surface treatment —_machined , statistical density_i&_?’___ %
work function_2:0 eV, clean up process ___O, and standard

misc. information 1200 ppm iron, 550 ppm carbon, 2800 ppm lead
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Conclusions:___Work function 5.0 eV after oxygen cleanup and removal of oxygen
layer. Pellet testing was stopped after it was impos sible to
‘achieve the clean tungsten work function.
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test made by Turk/Denison date __3/64 report prepared by Husmann




Fig. 20. [ONIZER PELLET EVALUATION REPORT A .

HUGHES |
Philips - ..u;'-;;’:u-'e'-':; --------- -
pellet type_ Mod. G made by_Metalonics test date Nov. 63
pellet material tungsten , mean pore diameter, u 2.7
mean . 8.3 . e . . 3 x 10'6
pore distance, pu , transmission coefficient
pcjres/cmz 8 x 10° by traverse' . technique, weight density.71l.5 ¢,
surface treatment machined , statistical density______ %
work function_8 4:56__ eV, clean up process standard
misc, information
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' Conclusions: . OPviously only part of the pores are open.
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Fig. 21. IONIZER PELLET EVALUATION REPORT

UBNES AIRERAFYT coOMPANY

Philips '
pellet type Mod. F, ‘made by_Metalonics ~ test date 11/63, 1/64 |
pellet material __tungsten , mean pore diameter, u 2.4,3,18 ’
mean pore distance, u 7.8,6.4 , transmission coefficient 3x 1()-“1
po’res/cm2 9.7x 10° by — _traverse technique, weight density_ 12 %
surface treatment Polished, etched, or machined g¢a4igtical density_76.1 %

work function 4.55 _ eV, clean up process standard and O,

misc. information After some time of operation &4 deteriorated toward 4.41 eV (see II)
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Conclusions:
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test made by Q. K. Husmann  dateJan. 64  report prepared by O. K. Husmann




Fig. 22. IONIZER PELLET EVALUATION REPORT | S — .

L Ry SO 4
NUaHES AImCRAPY COWPANY

pellet type Mod E, billet 418 made by Philips-Metalonicstegt date 6/64

pellet material _tungsten , mean pore diameter, u

mean pore distance, u , transmission coefficient _1.75 x l0-4
pores/cm2 by technique, weight density_ %
surface treatment , statistical density_ 70 9,
work function_4.5 eV, clean up process

misc, information
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Conclusions:
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test made by O.K. Husmann date _ 6/64 - report prepared by O.K. Husmann




CURRENT DENSITY, mA/cm?

Fig. 23. IONIZER PELLET EVALUATION REPORT e 1

| huomes |
pellet type_Mod, E, imade by__Philips-Metal. (o5t date 11/53,1/64
pellet material _tungsten , mean pore diameter, u —%:4
mean pore distance, y _ 7+ * , transmission coefficient 3 X 10-4
po‘res/cm2 9.6 x 10° by traverse technique, weight density. 76.1 %o
surface treatment Polished, , statistical density. 72

=%
(10-29-63) — 20 mil

work function_$ 4:55 eV, clean up process .standard and Op-~pellet thickness and
itti (2-3-63) — 40 mil

emitting az‘ea about 0.25 cm

deteriorated toward 4.41 eV.

misc. information_after some time of operation
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Conclusions: £ OUr pellets evaluated — with polished, machined, and etched surface —
020 and 040 in. thick - essentially show the same data.
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Fig. 24. IONIZER PELLET EVALUATION REPORT
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MUBHES AIRCRAFT COMPANY

pe11e£ type Mod E, billet 466 made byPhilips-Metal, teét date_ 5/64

pellet material tungsten : , mean pore diameter, u

mean pore distance, u , transmission coefficient

po’res/c:m2 by technique, weight density._ = %
surface treatment . machined , statistical density.L %
work function__ %75 eV, clean up process standard

misc, information
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Fig. 25. IONIZER PELLET EVALUATION REPORT ¢ o 1

| HUGHES
pellet type Mod E, made by_Philips-Metal,  test date
pellet material _tungsten , mean pore diameter, u 2.4
-4
mean pore distance, yp .78 , transmission coefficient 2.5 x 10
5
pores/cm2 9.6 x10 by __traverse technique, weight density 11 %
surface treatment __ POth sides polished , statistical density___7_2___ %
work function__4:55 eV, clean up process standard
misc, information
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III. INVESTIGATION OF ION EMITTER CONTAMINATION

Measurements made on surface ionization ion engines in conven-
tional space chambers frequently indicated high drain currents. These
drain currents are related to the deteriorating work function of the
porous tungsten emitter and to excessive neutral efflux.56

For high ionization efficiency by surface ionization of cesium, a
sufficiently high work function such as that of polycrystalline tungsten or
rhenium is required. High neutral efflux at ion current densities of
1 mA/cm2 or lower indicates work function deterioration. If the work

function is equal to the ionization potential, the ionization efficiency is

only 33%, according to the Saha-Langmuir equation with

' -1
No- {1 2 exp[' (6 - 1) “f;oo]} (4)

where
N+ = number of emitted ions
N = total flux
¢ = work function, eV
I = ionization potential, eV
T = emitter temperature, °K.

In addition to high ionization efficiency, a low critical tempera-
ture for surface ionization is required in connection with the power
efficiency of an electrostatic propulsion device as well as with lifetime
requirements of the ion emitter. 7 In surface ionization engines, the
propellant is fed through the porous emitter structure. Changes in this
structure during the time of operation may reduce the ionization effi-
ciency and increase the critical temperature as a result of the change

in the number of pores per unit surface area.
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The ion emitter surface contamination problem is the most criti-
cal because an ion engine on an interplanetary mission must operate con-
tinuously for periods of one year or more, and accumulation of contam-
inants over such periods must therefore be avoided during ground testing
of ion engines.

In early 1963, a detailed investigation of ion emitter contamina-
tion in space chambers was initiatediSéThere are two possible causes
of ion emitter surface contamination that result in changes in work func-

tion and ion emission critical temperature.

A. Ionizer Contamination Prior to Application in Ion Engine

A nﬁmber of ionizer contaminants have been mentioned in an
earlier publication.1 Some of them are beryllium, copper, iron, silicon,
nickel, chromium, columbium, molybdenum, calcium, aluminum, tita-
nium, and magnesium. It is particularly difficult to remove all nickel
and aluminum, which alloy with tungsten. However, if clean tungsten
powder is used in the production of porous tungsten and if sufficient
care is taken during pressing and sintering, the only remaining contam-
inant may be carbon, and decarburization of tungsten can be efficiently
accomplished with oxygen or water vapor.8 According to Goldsmith,9
the solubility of carbon in tungsten is 0. 30 atomic % near 2400°C, de-
creasing to 0.05 atomic % near 2000°C and to insignificant amounts at
lower temperatures.

In the surface ionizer temperature range (between about 1300
and lSOOOK) the solubility of carbon in tungsten is practically zero and
no diffusion occurs. However, when tungsten forms a compound with
carbon a different condition exists.10 Several areas of coexistence

occur, which are separated by more or less wide areas of solid solubility.

e
Results of this investigation were reported in Quarterly Report
Number 3 of Phase III of Contract NAS 5-517.




A sudden break in the concentration penetration curve corresponding to
each area of coexistence must be expected. FEach area of solid solubility
corresponds to a gradient of gradually changing concentration. This
explains the application of the equations given below. We can further
distinguish three separate ranges of diffusion: (1) diffusion following
graphite deposition on the emitter surface, (2) diffusion following forma-
tion of WZC’ and (3) diffusion following the formation of WC. These
three cases depend on the depocsition rate of carbon on the emitter sur-
face and the diffusion velocity. The diffusion of carbon out of a tungsten

slab is1
cC = (8 CO/‘ITZ) exp [— ('n'z/hz) Dt] , (5)

and the diffusion into the slab by

C = co{l - (8/172) exp [- ('rr/h)2 Dt]} . (6)

where C is the average concentration of carbon, S the concentration
at zero times, h the depth of the material, D the diffusion coefficient,
and t time. Becker, et al. ,13 measured the diffusion coefficient for

carbon in tungsten to be D = 1.6 x 10_6 e IO-llOOO/T

cm®/sec. These
investigators measured a diffusion activation energy of 2.2 eV, while
others have given 2.33 eV and 2. 5 eV as the diffusion activation energy
for carbon in tungsten.12 More than 99% of the carbon is removed

after ’cime1 1

This means that with T = 1600°K (a reasonable temperature limit for

sintering of the tungsten slab) and h = 0.1 cm, the above cleanup time
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becomes 762 years. Thus, it is clear that the tungsten powder must be
decarburized prior to pressing and sintering the porous tungsten slab.
(With grain sizes in the micron range and with temperatures in the
1900°C range the cleanup process can be reduced to a few hours. The
tungsten carbide is removed by evaporation only if the temperature
exceeds 24500C.14)

It should be menticned that the tolerable limit of carbon in tung-

sten is not exactly known. Spectral analysis of one specimen shows

large variations between various laboratories.

B. Ionizer Contamination from Residual Gas Atmosphere

If we begin with a clean tungsten ionizer, its surface may be-
come contaminated either as a result of contaminants transported
through the pellet from the cesium reservoir side or from the residual
gas atmosphere of the space chamber. The chamber walls, gaskets,
and backstreaming hydrocarbons from the oil diffusion pump contribute
to this residual gas atmosphere.

Backstreaming of hydrocarbeons from an oil diffusion pump under
various conditions was investigated by Holla.nd.l5 The system had been
baked to prevent the evaporation of hydrocarbons from the chamber
walls, and it was found that the effect of gaskets could be eliminated by
the use of Viton or aluminum rings as seals. With silicone 705 and
efficient baffles (liquid nitrogen cccled), the rate of deposition of oil
residuais inside the chamber was less than 5 X/hour. Hengevoss,
et al. ,16 emphasize the vacuum improvement which resulted from the
addition of an oil diffusion bocster pump to the main oil diffusion pump,
i.e., afore vacuum of the main pump better than 10_5 Torr was main-
tained. The residual gases in the carefully baked (4500C) stainless
steel system were methane, water vaper, carbon monoxide, and carbon
dioxide. Zandberg, e_ta_l. ,17 discuss the catalytic dissociative ioniza-
tion of molecules of organic compounds in the mass number range up to

100. This range is in good agreement with the data of Hengevoss and




our measurements. When there is no protection by baffles the mass
number range may exceed 600.18 Because of the residual gas atmos-
phere, positive ions appear from hydrocarbon cracking products, other
than sodium and potassium ions which originate directly from the tung-
sten ionizer.17 It is well known from a number of investigations that
optically designed and liquid nitrogen (LNZ) cooled baffles are quite
effective in preventing backstreaming of hydrocarbons from the oil dif-
fusion pump, but their performance usually deteriorates with time of
operation because of oil creep over the baffle area.15 This is most
important, because the optically tight baffles are efficient only as long
as the gas and vapor sticking probabilities are unity. The sticking
probability of carbon monoxide, for example, is much lower than one
at some surface coverage, and therefore the baffle does not contribute
to its condensation. Figure 28 shows the sticking probability of carbon
monoxide as a function of surface coverage and (parameter) of surface
temperature of tungsten.19 This sticking probability decreases quite
steeply with surface coverage. The effect of the substrate temperature
is less strong.

Vapor pressures of low mass number gases are plotted in Fig. 29.20
At liquid nitrogen temperature (78°K) the partial pressures of nitrogen,
oxygen, carbon monoxide, and methane still exceed 1 Torr, and the
pressure of carbon dioxide at this temperature is close to 10_7 Torr.
The partial pressures of carbon monoxide, carbon dioxide, oxygen,
methane, nitrogen, and hydrogen are high enough to affect surface prop-
erties; these partial pressures are high because liquid nitrogen cooled
baffles and/or liners are not pumping them efficiently. Only at the tem-
perature of liquid hydrogen are their partial pressures low enough (ex-
cept in the cases of helium, hydrogen and neon). The gases which inter-
fere with the emitter surface at operating temperature are oxygen,
carbon monoxide, carbon dioxide, and the hydrocarbons.

The effect of oxygen on the cesium surface ionization has been

reported earlier»1 A typical effect of the presence of oxygen on tungsten
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is the hysteresis at the threshold for surface ionization at low electric

21,22

field strength. Dyubua, et al. ,23 investigated the connection

between the partial pressure of oxygen and the tungsten work function
(Fig. 30) at 1500°K. At 10-8 Torr oxygen pressure, the work function
is that of clean tungsten; this work function increases to 5.14 eV at a
5.8 x 10-8 Torr oxygen pressure. The sticking probability of oxygen
on tungsten for coverages below 4 x 1014 atoms/cm? is 4%, according

13

to Becker, et al.,

et a1.2'4

in good agreement with data published by Morgulis,

Oxygen is easily desorbed from tungsten at temperatures exceed-

ing 1800°K. 1% 23

C. Tungsten-Carbide System

We have seen that for efficient ionization of cesium, a 4.5 eV
minimum work function is necessary. Several investigators (e.g.,
Ingold26) discuss the electron work functions of metal carbides. These
carbide work functions are below those of the pure metal. A variety of
work functions has been reported for carburized tungsten.2

Table III indicates that the reported work functions for tungsten
carbide range between 2.24 and 4.8 eV. A layer of contaminating
material, too thin for identification with microscopic techniques,
changes the work function. Work functions reported by Klein, Zubenko,
and Marchuk27 come close to the value for pyrolytic graphite.z8

The electron work function of carburized tungsten was computed
according to the approach developed by Levine and Gyftopouloszg; with
the work function adjusted for clean tungsten, WC, and WZC’ the com-
puted werk functions disagree with thocse observed, particularly in the
range between W and WZC.

A supporting program for ion engine development was undertaken
in order to gain a better understanding of the effect of tungsten carbide
and graphited tungsten. The tungsten was carburized with various hydro-

carbons over a wide range of pressures and substrate temperatures,
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Fig. 30. Work function of tungsten in the pres-
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TABLE III

Work Function of Tungsten Carbide (in electron volts)

Baker | Rittner 7 ubenko Baz-
and and ot al " | Marchuk |Klein T Ivey
Gaines Levi _ = aymas
WZC 4.41 3.85 4. 58 4.8 3.85
wC 2.24 3.6
pyrolytic
graphite 4.56 4.6

and oxygen was added for a further investigation of carburized and
graphited tungsten. This program has been primarily concerned with
the investigation of individual hydrocarbons in an ultrahigh vacuum sys-
temn and with the study of the residual gas atmosphere influence in two
space chambers. In addition, the effects caused by backstreaming
hydrocarbons from an oil diffusion pump have been measured.

Prior to measurement under residual gas atmosphere conditions,
pellets as well as the tungsten filament have been tested under clean

surface conditions in an ultrahigh vacuum system.

D. Study of Individual Carbonaceous Gases

The study of individual carbonaceous gases includes (1) the effect
of adsorbed carbon on the surface work function of tungsten and (2) the
effect of adsorbed carbon on the critical temperature for surface ioniza-
tion of cesium on tungsten. The relationship between these two areas
will be discussed later.

The incidence rate of atoms per unit surface area is given by the
kinetic theory of gases, and in connection with this incidence rate and
the sticking probability (which usually strongly depends on the surface
coverage with regard to a monolayer), the deposition rate can be com-

puted. Figure 31 relates the partial pressure (1) with deposition rate




MONOL AYERS / DAY

PRESSURE, Torr

Fig. 31. Deposition of molecules on the sur-
face in mgnolayers (5 x 1014 mole-
cules/cm®) per day, depending on
the partial pressure. Parameter is
sticking pléobability for mass number
28, at 300K temperature.
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of monolayers per day, and (2) with sticking probabilities between 10~
and 10-6 for mass number 28 at 300°K. At 10™° Torr and a sticking
probability of 0.1%, 0.76 monolayers/day are building up, if we assume
that the sticking probability is independent of surface coverage. The
pumping velocity S of such a surface is

-3 1/2

S (liters/sec) = 10 ~ aA(kT/2mm)

with a = sticking probability, A = surface area in square centimeters,
k = Boltzmann constant, T = temperature in °K, and m = the atomic
mass.

In Fig. 32, work function and neutral efflux are plotted versus
the time of deposition, with the carbonaceous gas pressure as param-
eter. The deposition rate is based on a 0. 1% sticking probability. It
should be mentioned that in the case of higher hydrocarbons and a 0. 1%
sticking probability, the deposition rate is higher because of the in-
creased number of carbon atoms deposited per event.

The solid lines in Fig. 32 represent the neutral flux. It is as-
sumed that the work function decreases linearly with increasing surface
coverage, and that at 0. 66 monolayer, the work function (3. 85 eV) is
that of W,C.%"
the WZC surface. Diffusion of carbon into the tungsten ionizer is rela-

tively small at 1400°K.

At 0. 66 coverage there are 5.5 x 10*% carbon atoms on

The volume diffusion of carbon into tungsten is proportional to
the diffusion coefficient and the carbon concentration gradient. During
the development of a 0.1% carbon monolayer on clean tungsten (carbon
free), the concentration gradient and therefore the diffusion of carbon
into tungsten are negligible and become important only at surface cover-
ages exceeding 0. 1% monolayer.

The data presented in Fig. 32 make it clear that for extended

ground tests of over 100 hours, the partial pressure of carbonaceous
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gases should not exceed 10—9 Torr and that for 1000 hour ground tests
it should be below 1071 Torr.

Electron and ion impact as well as elevated temperatures cause
molecules to decompose. In Table IV, a few carbon bond energies are

presented.3O

TABLE IV

Bond Energies

Bond kcEal.lle/Iflgie
C-C 59
C=¢C 100
C=C 123
Cc-0 70
c=0 150
C-H 87
C-N 49
C=N 94
C=N 150

According to J. H. Beynon,31 "it often seems that it is the sta-
bility of the hydrocarbon fragments which can be formed by electron and
ion impact, which exerts a major influence in deciding the main peaks in
mass spectrum. ' In Table V, the main peaks of the decomposition
products of the individual hydrocarbons under investigation, together
with those of ethane, ethylene, and acetylene indicate a broad mass
range originating from a single parent peak. Frequently, as in the case
of hexane, the parent peak is small. The data for ethane, ethylene, and

32
acetylene are from a publication by Klopfer and Schmidt.




TABLE V

Decomposition Products of Some Hydrocarbons

Atomic
Mass
Number

Xylene
CgHjo
(106)

Hexane
CeH)yg

(86)

Benzene
CeHe
(78)

Acetone
C3H60
(58)

Ethanol
CZHSOH
(46)

Ethane
C2Hg
(30)

Ethylene
C2Hy
(28)

Acetylene
C2Hz
(26)

106
105
91
86
79
78
77
58
57
54
52
50
49
44
43
42
41
39
31
30
29
28
27
26
25
18
15
14
13
12

58
30
100

77

73

11.3

100.0

84

79
10

56

100
13

29.2
20
15

24.8

100

17.5

71

28.5
12.4

43

100.0
26.5
84.5

94
17.3

25.
20.
100.
27.
18.

~N = O O U @

100.
51.5
47

o

3.2

100.0
19

5.1
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E. Experimental Setup for Investigation of Individual Hydrocarbons

Individual carbonaceous gases have been investigated in an ultra-
high vacuum system. Prior to the introduction of the gas or vapor, the
manifold between the ultrahigh vacuum system and metering valve was
carefully pumped to the lower eighth scale, as measured by an ion gauge
attached to the ultrahigh vacuum chamber. The metering valve subse-
quently was closed and pumping switched from the ion pump to the mer-
cury diffusion pump; the latter is protected by a zeolite trap against
hydrocarbons backstreaming from the mechanical pump. The background
pressure in the ultrahigh vacuum system under this condition was in the
low eighth scale; pumping with the ion pump produced background pres-
sure in the low ninth scale.

During the carburization of the heated tungsten surface (16OOOK
pyrometer reading with a 0. 6 spectral emissivity at 6650 A and with
glass correction), no electron or ion current was extracted from the
emitter. In this experiment carburization was caused primarily by the
original gas introduced into the vacuum system, rather than by decom-
position of the original gases by the ion beam that occurs during ion
engine operation in the space chambers. The sticking probability may
be measured by control of pressure change while the emitter tempera-
ture rises from 300 to 1600°K. This method is not very accurate, how-
ever, and control of the work function change which depends on inter-
action time and carbonaceous material pressure is more suited to this
investigation. If the work function is that of clean tungsten before ad-
mission of the hydrocarbon, a change in work function by a few tenths
eV is proportional to the surface coverage and is directly proportional
to the reaction probability. Diffusion of carbon from the surface into
the volume must be considered separately. So far, experiments indicatc
a sticking probability close to 0. 1% for most of the individually investi-
gated gases. The sticking probability of carbon monoxide seems to be

somewhat lower.




Individual gases used in this investigation range from single
carbon molecules such as carbon monoxide and methane to napthalene
(CIOHS)’ xylene (C8H10), hexane (C6H14)’ benzene (C6H6), acetone
(C3H6O), ethanol (CZHSOH)’ and acetylene (C HZ)' The hydrocarbon
bond energies are 2.5 to 4.5 eV (S. Glasstone 0) while the carbon
monoxide bonding is no less than 9.6 eV.33 (See also Table IV.) Thus,
the reaction probability for carbon monoxide must be lower than for the
hydrocarbons. Carbon dioxide has a zero reaction probability because
of its decomposition into carbon monoxide and nascent oxygen., (Here it
is assumed that reaction probability is equal to the sticking probability.)

Figure 33 shows the decomposition of carbon dioxide under elec-
tron bombardment. Development of carbon monoxide and nascent oxygen
results. Instead of building up an oxygen pressure parallel to that of
carbon monoxide, or half that in the form of 02, oxygen is adsorbed,
The lower part of Fig. 33 shows the gas spectrum (measured with a CEC
21-612 residual gas analyzer) 10 min after this reaction began. Identi-
fied by the peak at mass number 14, the peak at M-28 indicates a small
percentage of NZ besides carbon monoxide. No M-32 peak is parallel
to oxygen (M-16). Mass number 16 cannot be methane because of the
disappearing M-15 peak. |

The CEC 21-612 residual gas analyzer sensitivity for different
gases is presented in Table VI. These sensitivities were measured

after placing the 3, 9 kG magnet in its optimum position.

F. Effect on Work Function

When carbon is chemisorbed on a tungsten surface the work func-
tion characteristically is below that of clean tungsten. Partial cover-
ages give an intermediate work function value between that of clean
tungsten and tungsten carbide,

When excessive carbon is deposited on an ionizer, a thick layer
of pyrolytic graphite is formed which initially (in these experiments) had

a work function of about 4.9 eV. As cesium was passed through the
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Fig. 33.

Decomposition of carbon dioxide into carbon monoxide in test chamber
(9. 65 liters). Instead of building up the oxygen pressure parallel to
that of carbon monoxide, oxygen is pumped away. The mass spectrum
is taken 10 min after start of this experiment. Analysis of mass num-
bers 28 and 14 peaks shows some nitrogen in addition to carbon mon-
oxide. The partial pressure of carbon monoxide increases somewhat
more strongly than expected from the carbon dioxide decay, indicating
desorption of carbon monoxide from the chamber walls.




TABLE VI

Gas Analyzer Sensitivit;lr at 20 pA Electron Emission

Sensitivity . CEC Ratios
Gas x 10-9 Torr/ thm to to Argon
Division rgon (Ref. 34)
Argon 3.45 1.0 1.0
Helium 15,40 0,22 0.051
Carbon
Monoxide 3.7 0.926 0.99
Carbon
Dioxide 5.7 0.6 0.81
Nitrogen 3.15 1.1 0.96
Oxygen 5,15 0.67 0.71
Hydrogen 4.69 0.73 0.027

surface, the work function decreased to a stable 4. 62 eV; it would thus
appear that the higher value may have been caused by occluded gases.
The final value agrees well with Klein,27 who measured carbon on tung-
sten by field emission, and with Ivey,28 who reviewed the work function
of graphite. With the heavy layer of graphite on the surface, oxygen was
7 -6 -5 -4

’ 10 s 10 s 10 , and

5x107% Torr. The oxygen supply was spectroscopically pure oxygen

leaked into the system to pressures of 10

supplied by Airco and was leaked into the system through a Granville -
Philips ultrahigh vacuum valve equipped with a low torque driver. The
work function of the carbon surface did not deviate from that obtained in
ultrahigh vacuum, i.e., 4.62 eV, until a pressure of 10-4 Torr was

reached (see Fig. 34). At pressures lower than 10-4 Torr O,, the log j

degz, At pressures greater than 10-4 Torr oxygen, the work function in-

creased as the temperature was lowered (this is to be expected when
oxygen adsorbs on the surface). Below 10—4 Torr oxygen, the desorption

rate of oxygen in the form of O,, CO, or COZ’ from the carbon surface,

2’
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versus 1/T curve agreed well with a curve computed using A = 120 A/cm2
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The electron emission of the graphited surface.
The partial pressure of oxygen is added. Accord-
ing to the slope, A equals 120 A/cmz—degz, as
long as the partial pressure of oxygen is not

over ~ 5 x 10-5 Torr, and the work function of
graphited tungsten is 4,62 eV. Because the work
function of tungsten covered with a layer of pyro-
lytic graphite is so close to that of clean tung-
sten, the critical temperature for surface ioni-
zation is needed for differentiation.




was great enough to maintain a clean carbon work function as low as
1500°K. The CO and CO2 concentrations were monitored with the CEC

Diatron during oxidation of the carbon surface.

G. Effect on Critical Temperature

Both the work function and critical temperature are needed to
determine the condition of the surface. The fact that the work function
is depressed is not sufficient to determine carburization. The chemi-
sorption of carbon as WZC or WC results in a shift of the critical tem-
perature toward higher temperatures and the amount of shift is dependent
on the degree of carburization. Figure 35 shows a critical temperature
curve for a carburized surface with a work function of 4.28 eV. The
curve is shifted toward higher temperature and loses the sharp break
in ion current that clean tungsten has. Also shown in Fig. 35 is the
critical temperature curve for free carbon or pyrolytic graphite on the
tungsten surface. This graphited surface has a critical temperature

versus ion current curve which can be characterized by

13000 o
T = g5 -10g5 ©

Here j is the amperes per square centimeter.

Figure 36 gives data for a shift in critical temperature with work
function. It is necessary here to determine how to define the critical
temperature for the rolled curve. From a practical point of view, the
value chosen is a temperature above which the ion current does not in-
crease. The dotted line is the least squares linear fit to the data. A
linear fit was chosen because insufficient data were obtained to clearly
establish any curvature. However, this first approximation can still be
useful. The critical temperature of a fully carburized tungsten surface

is given by

14620 o
Tc = %.92-1logj K
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In the presence of oxygen, the graphited surface shows hysteresis of
the threshold temperature for cesium surface ionization as was also
reported for oxygenated tungsten.z2 The hysteresis width increases
with increasing oxygen pressure, and reaches ~ 80°K at 10_4 Torr
oxygen, while at 10_7 Torr, the width does not exceed 350K. In Fig. 35
critical temperatures for graphited and carburized tungsten are com-

pared with those of clean tungsten.

H. Conclusions from Residual Gas Atmosphere Tests

Study of the effect of individual carbonaceous gases on work
function and critical temperature indicates that to some extent, carbon
monoxide, carbon dioxide (by decomposition to carbon monoxide), and
particularly the hydrocarbons are detrimental to the operation of contact
ion engines, since they cause carburization of the emitter surface. Car-
burization reduces the work function and increases the critical tempera-
ture for surface ionization. Carburized and graphited tungsten are dis-
tinguished by their different work functions. The carburized tungsten
work function is below, and the graphited tungsten work function is close
to that of clean tungsten. In both cases, the critical temperature ex-
ceeds that of clean tungsten. For graphited tungsten, the changeover
from low to high ionization efficiency is steep with emitter temperature,
while a smooth rolling over is observed for the case of the carburized
surface, and its critical temperature exceeds that of the graphited tung-
sten. If the emitter originally is carbon free, part of the deposition
from the residual gas atmosphere will diffuse into the tungsten slab; the
work function and critical temperature then depend on the ratio of dif-
fusion to deposition. In the ion engine operating temperature range,
carbon diffusion into the tungsten slab is not very strong. This increases
the probability of pyrolytic graphite deposition if the partial pressure of
the carbonaceous gases is high enough. If the partial pressure of car-
bonaceous gases in the residual gas atmosphere is low, a carburized

tungsten surface develops. This is the most probable case in oil diffusion




pumped space chambers operated at low pressures. The effect of sur-
face carburization is detrimental to ion engine operation, because of
the steep increase of neutral flux resulting from lowered work function.
The increased critical temperature connected with the smooth rolling
over to high ionization efficiency adds another severe problem for
engine operation in space chambers. Results of the measurements
described in this report show that if it were possible to operate the ion
engine in the presence of sufficient amounts of hydrocarbons, quick
coverage of the emitter with pyrolytic graphite would be ensured. How-
ever, since this condition cannot be created in a space environment, a
clean emitter surface is required. To avoid possible backstreaming of
hydrocarbons over periods of one year and more, the oil diffusion pump
may be replaced by a mercury diffusion or ion pump. The critical
nature of partial pressure of hydrocarbons was indicated in Fig. 32.

9

This pressure should be below 10 ' Torr for a 100-hour life test, and
below 10-10 Torr for a 1000 hour life test. According to Fig. 32, a
partial carbon monolayer will be deposited after 100 days, assuming a
sticking probability of 0. 1% and a hydrocarbon partial pressure of 10-10
Torr. (This pressure is optimistically assumed to remain constant
during a 365-day test period.) Usually, cold trap performance deterio-
rates, accompanied by hydrocarbon pressure increase.

These results indicate the need for further improvement in test
chamber environment in order to conduct long duration tests of contact
ion engines which will yield realistic results for space operation. Such
chamber improvements can be made, but long duration operation in
ground based chambers should be confirmed by extended space opera-

tion of the contact engine.

I. Life Tests with Contaminants

The eight gun life test system was completed early in the con-
tract period, and included eight ion guns with porous tungsten pellets.

For most of the test period, the system used a mercury diffusion pump
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since problems with the ion pump developed in an early stage of opera-
tion. Using the ion pump, pressure levels on the ninth scale were
reached; the mercury-diffusion pump produced levels on the seventh
scale. To avoid pellet contamination by glass, a new type of cesium
container has been developed; it is sealed by cold-weld copper on one
side, and has a 5 mil tungsten seal brazed to the other side. Cesium
is filled in under dry-box conditions and the capsule evacuated prior to
seal off. The seal is broken from outside the capsule.

With this life test system we intended to evaluate the effect of
impurities which would be added in known quantity to cesium. The
chosen additives belong to the first and second group of the periodic
system with the exception of aluminum (III A). It is a general rule that
elements of the lower groups of the periodic system lower the substrate
work function. The alkalies sodium, potassium, and rubidium may be
present only as a very small amount of contaminant in the cesium
reservoir at the beginning of ion engine operation. However, the rela-
tive amount of contaminant may increase during the time of ion engine
operation due to the cesium consumption. The presence of alkaline
earth metals is more questionable than that of alkalies, but not neces-
sarily negligible. Aluminum and zinc have been added for investigation
of the time stability of the porous tungsten structure. Each cesium
container has one additive (10% by weight). In Table VII details of the
eight tungsten pellets are combined with additives, vapor pressures,
and transmission coefficients.

This life test experiment is directed primarily toward the in-
vestigation of work function and critical temperatures.

A recheck of work function in this life test system at the begin-
ning of the test confirmed clean surfaces with ¢ = 4.55 eV for all guns.
After about two months of continuous operation with the alkali additives,
the critical temperature for surface ionization increased and exceeded
that of pure cesium on tungsten at an ion current density level of 1 mA/

cm? {see Table VIII and Fig. 37).
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TABLE VII

Impurities Added to Life Test Pellets

Pellet Téﬁﬁﬁf;i’n Additive I;(;?tcﬁ;c f\’, A%Tet;vsirveagf i
Group 5500K
Mod. B-1| 1.5 x 10-4 Rb IA 2.13 0.55 Torr
Mod. B-2| 1.5 x 1074 Sr IIA 2.74 2.3 x 10°7
Y -111 8.4 x 1074 Al IIIA 4.6 negligible
X -111 9.95 x 10-5 Ba IIA 2.56 7.5 x 1079
X-V 2.24 x 10-3 K 1A 2.65 0.16
X -VII 6.28 x 1074 Ca IIA 3.6 1x10-8
X-VII-2 | 5.24 x 1075 Na 1A 2.28| 6x1073
U-8sp 7.4 x 10-4 Zn IIB 4.27 4.5 x 1074
TABLE VIII

Critical Temperature Increase for Surface Ionization
Compared with Critical Temperature for Cesium on Tungsten

. Critical Temperature
Fuel Composition Work FVl.lnCtlon’ Relative to g and L
e at 1200°K
Cesium and 10% Na 4. 45 +155°K
Cesium and 10% K 4,55 +110°K
Cesium and 109 Rb 4,15 + 399K

The critical temperature change illustrated in Table VIII cor-
responds to the change in critical temperature from cesium to that of

the additive (see Fig. 37).
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Iv. ALKALI ION DESORPTION ENERGIES ON POLYCRYSTALLINE
REFRACTORY METALS®

The average lifetime of adsorbed alkali atoms and ions strongly
depends on the condition of the substrate surface, its patch distribution,
its adsorbed gas layers, and the volume contamination of the substrate,
In the case of oxygen or pyrolytic graphite on the emitter surface, an
increased desorption energy has been observed in conniction with the
increased critical temperature for surface ionization,

Today only a limited number of alkali ion desorption energies
measured on the refractory metals rhenium, tungsten, and molybdenum

are available, 35-41 In addition, a number of theoretical approaches to

the interpretation of the desorption energy have been published. 42-46

A, Theoretical Evaluation

.4
Becker13 employed the Lennard-Jones potential 2 to draw the
adsorption energy diagram for cesium atoms on tungsten ''for the atom
following the inverse sixth power of the distance until close to the sur-
47 .
This

energy diagram is shown in Fig. 38, where the atom desorption energy

face, where very strong repulsive forces come into play."

Qa and the ion desorption energy Qi are related by
Q -Q = eé-I)-dQ (7)

where ¢ is the work function, I the ionization potential, dQ the ioniza-
tion activation energy, 48 and e the electron charge. For the ion, the
desorption energy Q(r) results from the sum of repulsive Qrep’ image

Q, - and polarization onl energies,

Qr) = Q_ __+Q. +0Q (8)

rep im pol

>kO. K. Husmann, Phys. Rev. 140, A546 (1965) and Bull. Amer. Phys.

Soc. 10, 68 (1965) 71
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where

Qepl®) = (e/2) (x /12 (82)
Q. _ () = - e%/4r (8b)
Qo (¥) = [2(1/(21')3] xQ, (r) (8c)

dQ(r)/dr = 0 vyields the ion to substrate distance; a is the ion

polarizability. The inert gases and the alkali ions have the same outer

" shell configuration. For € therefore, the inert gas coefficients have

been used which correspond best to the alkali ions (see Table IX, sec-

49

ond column), eO/Z is used in the calculations because in this case

one ion interacts with the substrate atoms rather than interacting with

two alkali ions.,

TABLE IX

12 - 1 Potential Constants

1 2 3 4 5 6
Atomic Alkali Ion

Inert €0’ Interatomic Weight Polarizability,
Gas ’ Distance, 3
cres Gas Alkali a, R
Xe (Cs™) | 309, 9 4. 56 130, 2 132, 8 2.73
Kr (Rb*) | 238.4 4,03 82.9 85. 44 1. 64
Ar (KY) 165 3,84 39.91| 39.09 1.01
Ne (Nat) 48,2 3.12 20,2 22.99 0.21

¢ isin10-16 ergs.
o
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The third column of Table IX provides the inert gas interatomic dis-
tances. In columns 4 and 5, the atomic weights of gas and alkali are
compared, Column 6 shows measured alkali ion polarizabilities (aver-
ages from available publications), 50
Itis recognized that the image charge expression needs a quantum
mechanical correction for distances below a few angstroms. This cor-

rection can be expressed by

Q = § K1/2 (e2/4r2) (9)

im-corr

and the corrected image charge term is
(9a)

with

where p is the number of free electrons per unit volume in the metal.
According to Sachs and Dexter, 51 the upper limit for £ is 0.46. Ac-
cording to Cutler, gia._l_. R 52 the lower limit for £ is 0,09, Geometri-
cal considerations with sodium on tungsten (110 plane) lead to § = 0,33
(Ref. 53), Both the lower and upper limit for § do not fit with the
measured data and therefore £ = 0,33 was used throughout. 53

A second approach (method II) takes into account the corrected
image force”! (eq. (9a)) and the ion polarizability according to eq. (10a)
(Prosen, et al, 54). In this approach, the short range repulsive force is

not considered. If we assume that the repulsive force decreases more

strongly than with the twelfth powér, its contribution is small. In




addition, Avgul, et al., 43 have shown that dipole-quadrupole and

quadrupole -quadrupole terms are not negligible and that they contribute

to cancelling the repulsion term.,

Qtotal(r) = +Qim(r) +Qp01(r) (10)

Qim(r) is identical to that given by eq. (9a)

(r) = - a e2 1'r(31r2 p)2/3 1n [2(31r2 p)l/3 r]

Q
(21\')3 r2

sol (10a)

where r is the ion radius and p the free electron density of the sub-
e. Herc the substrate only weakly influences the ion desorption
energy in terms of p. There is approximately one free electron per

lattice atom., Table X furnishes the basic data for the above equation,

TABLE X

Alkali and Refractory Metal Constants

Ion Ionization Lattice Structure Work

a 23 Radius, | Potential, Constant Tvoe Function,
’ eV R yP eV
cst| 2.73| 1.65 3.89 |Re | 2.755 | hexagonal| 4.9

close

Rbt| 1.64 | 1.49 4,18 wl| 3.15 cubic body | 4. 54
K* | 1.01] 1.33 4,34 |Mo| 3.14 cubic body | 4.24
Nat| 0.21 | 0.98 5,14 |Ta | 3.29 cubic body | 4.15

The ion polarizabilities used here (second column) are those used for
the 12-1 potential computation. >0 Table XI combines the calculated ion

desorption energies.
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TABLE XI

Calculated Desorption Energies (values in eV)

Method I Method II
1 2 3 4 5 6 7
12-1 Potential
Qim Q-total Q-total q?‘cizr;r onl Q'cota.l
uncorr g-corr

cst | -2.18 -2.12 -1.688| -1,703 | -0.204 -1.907
Rbt | -2.415 -2.45 -1,891| -1.835 -0.1373 -1.975
Kt -2.70 -2.61 -1,935 -1,975 -0.0944 -2.,07
Nat | -3.67 -3. 56 -2.242| -2.32 0,025 -2.345

The second column of Table XI presents Q = ez/r, the third (Method I),
the desorption energy according to the 12-1 potential with uncorrected
image force. Column 4 (Method I) shows the 12-1 potential with quantum
mechanically corrected image force. Columns 5 and 6 result from the
eqs. (9a) and(lQa)and column 7 presents the ion desorption energies ac-
cording to the second approach. Comparison of the second and third
columns reveals close agreement between desorption energies resulting
from image force and 12-1 potential because of partial compensation of
the repulsive and polarization forces, The 12-1 potential data for cor-
rected image force (column 4) compare better with measured data and

come closer to the data obtained with Method II (column 7).




B. Experimental Evaluation

The standard technique for measuring ion and atom desorption
energies is the pulsed molecular beam method, which takes into account
the exponential dependence of the average surface lifetime upon desorp-
tion energy. This is expressed by the Frenkel equation6~ where the aver-

age surface lifetime 7 is at T°K and the desorption energy Q is given

in electron volts.

T = T, exp (Q/kT) (11)

In the experiments reported here, the alkali ion is desorbed from the
emitter surface by the pulsed acceleration potential following the ion's
diffusion through the porous pellet. The exponential ion current decay
is photographically recorded with a 545A Tektronix oscilloscope. The
oscilloscope time base calibration was compared with the 60 cps power
line frequency and deviations of less than 2% were measured. Linearity
of the vertical amplifier was within 2% . For correction of the average
ion lifetimes, the pulse decay time without ion current was repeatedly

checked. The average surface lifetime results from
/1 = L (12)
o e

with Io an arbitrary point on the decay slope. 41 We consider only the
exponential decaying part. The acceleration potential pulse frequency
is adjustable between 5 and 50 pulses/sec and the pulse width is con-
tinuously adjustable between 100 and 1000 psec; rise time is a maximum
2% of the pulse width, The acceleration potential is kept constant at

10 kV, and the alkali flow adjusted to yield less than a monolayer of
emitter surface coverage between the pulses. The pellet transmission
coefficient has been measured with helium in the operating temperature

range and is close to 10—4 for all pellets investigated. 2 (The transmission
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coefficient is the ratio of atoms leaving to atoms impinging on the back
side of the emitter.) The pellets are electron beam welded to a molyb-
denum support,

The porous emitter has an average surface area of 0.25 cmz, is
of concave shape, and is incorporated into a Pierce gun type electro-
static acceleration structure. The gun perveance for cesium ions is
3x 10_9 A/Vt3/2. . The extraction potential applied here is above the
space charge limit and the field strength at the emitter is close to 10 kV/

cm, 55 At this field strength, the Schottky effect is negligible. If the

desorption energy is lowered due to the term (e3 E)l/z, at 10 kV/cm this
yields a reduction in the ion desorption energy by 0.038 eV, well inside
the stated error limit,

The lifetime measurements were expanded over temperatures
ranging from 1100 to 1500°K (controlled by a Leeds and Northrup pyro-
meter), The spectral emissivities of the various porous materials were
measured by comparing surface temperature with that in a hole 0, 22 in.
deep and 0. 03 in, in diameter, They are: rhenium, 0.47; tungsten, 0. 6
(average); molybdenum, 0. 55; tantalum, 0,55, 2l No temperature gradi-
ent exists on the indirectly heated 0. 22 in. diameter pellets. The emitter
temperatures are accurate within 8°K.

Figure 39 is a cross section of the ion gun-Faraday cage assem-
bly. The lower portion of the ion gun consists of the alkali supply tube
which is closed by the porous pellet, The Faraday cage is located op-
posite the ion gun; it is liquid nitrogen cooled during operation and is
positive-biased with respect to the acceleration electrode to avoid sec-
ondary electron emission, The acceleration electrode is water cooled
to prevent electron emission, In order to maintain clean surface condi-
tions during operation, the system is pumped with a 200 liter/sec ion
pump, and pressures in the low 10_9 Torr range are reached. The
residual gas atmosphere is monitored by a CEC 21-612 residual gas

analyzer,
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Figure 40 is a typical spectrum showing hydrogen and a small
HZO peak. No oxygen is indicated. Prior to ion pump operation, the
system (including the ion pump) is baked for 12 hours at 1500C, evacu-
ated by a mercury diffusion pump, and protected against backstreaming
hydrocarbons from the mechanical pump by a zeolite trap. All seals
are copper gaskets,

Cleanup of the emitter surface is checked by the electron work
function, In general, a clean work function has been measured after
emitter high temperature (~ 1600OK) treatment, A small flow of alkali
through the emitter normally speeds the cleanup. Carbon is one of the
most frequent contaminants in tungsten, molybdenum, and tantalum,
and its presence is indicated by reduced work function, 56 In the case of
emitter carburization, oxygen was admitted at partial pressures up to
10"4 Torr and the carbon monoxide peak monitored until the peak
disappeared.

The final work functions were in good agreement with those pub-
lished for the polycrystalline surfaces of rhenium, tungsten, molyb-
denum, and tantalum. Within error limits, the Richardson constant
agreed with the theoretical value of 120 A/degz-cmz. The work function
was frequently checked during operation, and no contaminants have been

observed,

1, Surface Contaminants

The desorption energy is changed by such contaminants
as adsorbed gases from the residual atmosphere. An ultrahigh vacuum
system generally contains larger amounts of hydrogen and nitrogen (pri-
marily from outgassing metal parts) which decrease with time. For
example, hydrogen increases the work function of tungsten-113 by 0, 43
eV57 and is desorbed below the emitter operating temperature. The
same occurs with nitrogen58 and carbon monoxide, The amount of
adsorption is pressure and temperature dependent and, within the oper-

ating temperature range, is low, In particular, oxygen increases the
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ion desorption energies. Oxygen is reported to disappear completely
at about 1800°K 13> 25 e observed that oxygenwas removedatabout 1600°K
in presence of alkalies. Its condensation out of the gas phase is pro-
portional to the condensation probability and decreases with increasing
surface coverage., According to Becker, et al. ,13 the oxygen condensa-
tion probability at low coverage is 0.14 on tungsten and decreases to

less than 0, 04 after less than half of the surface is covered. Oxygen
pressure should be below 10--10 Torr in order to maintain clean surface
conditions, This was checked indirectly, The maximum sensitivity
to oxygen of the CEC 21-612 analyzer has been measured to 5.15 x 10-9
Torr/division., This is reached after placing the 3.9 kG magnet in its
optimum position — at 20 pA electron current, 56 This sensitivity can

be increased by a factor of 5. In all experiments with 100 pA electron
emission, the oxygen partial pressure was beyond range. If traces of
free oxygen exist, they should accumulate with the pump off for a period
of time; however, off times of 2 hours or more resulted only in a small
increase of mass 28 and mass 2 peaks. No oxygen was detected. (It is
interesting to note that after shut-off, the ion pump still pumps some
gases onto its clean titanium surfaces.) The pellet work function in-
dicated no changes during the shut-off time.

Another source of contamination may be alkalies. Alkalies
(such as cesium in the sodium reservoir) may affect the average sodium
surface lifetimes. For this reason, the alkali ampules were checked
spectroscopically. A typical analysis shows 16 ppm sodium, 16 ppm
potassium, and 24 ppm rubidium, in addition to traces of alkaline earth
and other elements in cesium. Approximately the same order of alkali
contaminants have been found in rubidium, potassium, and sodium.

In separate experiments, the effects of 10% of one additive mixed
with cesium were studied with regard to work function and critical tem-
perature. After two months of continuous operation, no effects were
detected in the cases of barium and calcium additives. With rubidium,
potassium, and sodium, however, the original cesium critical tempera-

tares shifted toward those of the additives. (See Section III-I1.)




The experiments with sodium were not started before the reser-
voir had been continuously heated over 12 hours to distill off the minute
amounts of rubidium, cesium, and potassium, Potassium was handled
in the same way. For the data reported here, the average surface life-
times have been measured over approximately one week to insure the

absence of alkali contaminants in the reservoir.

2. Experimental Results

After emitter cleanup, the alkali ion desorption energies
were measured on rhenium, tungsten, molybdenum, and tantalum, These
data are compiled in Table XII. (The error limit for desorption energies
is +0.05 eV.) In accordance with the energy diagram (Fig. 38), the de-

sorption energies given are negative,

TABLE XII

Measured Ion Desorption Energies

Rhenium Tungsten Molybdenum Tantalum

Qi’ To’ a Qi To Qi To Qi To

eV sec
cst |-2.2 11.4 |-1.95 17.7 ] -1.72 12,3 | -1.65 1.8 x 10*
Rb* -2.07 3.4 -1.81 236
1 2,22 2.3 -2.05  41.6
Na™t -2,33 6.3
@The To data are in 10-13 sec.

Table XIII presents the alkali surface lifetimes at 1100 and 15000K.
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These alkali ion desorption energies are lower than those re-
ported in Table XI,.column2in connection with the image force. Itis
interesting to note the good agreement between the measured ion desorp-
tion energies on tungsten and those computed according to eq.(10). (See
Table XI, column 7).

In curves A and B of Fig. 41, the measured desorption energies
are plotted versus the difference between work function and ionization
potential in relation to the Schottky equation (7). (Atom desorption
energies cannot be computed from these data because of the unknown
dQ term.) For comparison, computed ion desorption energies are added
and curves C and D are calculated according to the second method. E
is the desorption energy according to the uncorrected image force. From
our data, we notice a steadily decreasing ion desorption energy from
rhenium to tantalum. The ion desorption energies for tantalum (in agree-
ment with those for tungsten) increase from cesium over rubidium to
potassium (see Table XII). This agrees well with the trend of the image
force.

The To data on rhenium, tungsten,égr-lgzmolybdenum are in good
agreement with theoretical considerations. However, those meas-
ured on tantalum (particularly with cesium) are much longer. It should
be emphasized that the tantalum electron work function for these meas-
urements was the same as that reported in the literature, It is interest-
ing to note that the cesium critical temperature on tantalum exceeds that

of rhenium.

3. Ion Desorption Energy and Critical Temperature

The critical temperature for surface ionization depends
on the ion current density. It is defined by the steep» increase of ion
current due to cleanup of the emitter surface from excessive alkali,

With the Frenkel equation (11),the desorption energy is

In —=~ (13)
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and with

Qo e
(o]
= ———— N 14
T ; (14)
it follows that
T2 X Tl

where T is the emitter temperature, j the ion current density, and ¢

the surface coverage relative to a monolayer. o, is the number of

atoms per square centimeter in a monolayer. Equation (15)contains

the logarithm of the change in surface coverage with current density.

In the third column of Table XIV, the ion desorption energies are com-

puted according to eq. (15) from criti¢al temperature-data compiled .

in columns A and B, assuming 62/61 = 1. These desorption energies

exceed those reported in Table XII. If the change in surface coverage

is considered (using ion desorption energies from Table XII in connec-

tion with equation (14)),then critical temperature ion desorption energies

come close to those reported in Table XII (see last column in Table XIV).
At current densities below 0.1 mA/cmZ, the critical temperature

measured on porous emitters corresponds to that of the solid material.

TC can be expressed by an equation of the form

T, = A/(B-log j) (16)

with TC in degrees Kelvin and j in amperes per square centimeter.
For the four alkalies under consideration, the equation constants

A and B (tungsten) are given in Table XIV.
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TABLE X1V

Critical Temperature Data

A B Qi, eV Qi (6), eV
+ 3
Cs 14.0 x 10 8.764 -2.73 -1.94
rRbt | 14.1x10% | 8.54 -2.76 -1.965
xt 16.3 x 10° | 9.69 -2.81 -2. 14
Nat | 16.3x10% | 9.19 -3.26 -2.26
C. Conclusions

The measured alkali ion lifetimes on porous tungsten are in good
agreement with computed data which take into account the quantum me -
chanically corrected image force and the polarization force (Method II,
Table XI). With the corrected image force, the 12-1 potential alkali ion
desorption energy also comes close to the experimental data. Com-
parison with published experimental ion desorption energies35-37 on
rhenium (Table IX) makes it probable that these theoretical approaches
have given too little consideration to the substrate influence.

In all our experiments, clean surface conditions were maintained
and checked by the electron work function. All measurements were
done on polycrystalline surfaces. Surface contaminants, which may
severely influence the average surface lifetimes, have been removed
either by applying high temperatures and small amounts of alkali or by
oxygenation of the surface before the final cleanup.

The T, constant in the Frenkel equation measured on tantalum
exceeds the expected range of lO“lzsec, particularly in the case of
cesium. The desorption energies, however, in accordance with those

measured on tungsten, increase from cesium to potassium.




V. THE ION MICROSCOPE

During the period of performance of this contract, an ion micro-
scope was developed; currently, its maximum magnification is 130,
This magnification can be increased by a factor exceeding 10.0 by ad-
dition of an Einzel lens. The resolution of this unit should be in the
range of the maximum optical microscope resolution; that is, close to

5x 10,.4 cm. This resolution is given by

& = (17)

£
E
where ¢ is the thermal energy of electrons or ions and E the field
strength at the emitter. With 10.0 kV/cm at the emitter (the distance
between emitter and first electrode of the electrostatic immersion ob-
jective is variable and on the order of 10 mil), the potential between the
emitter and objective has to be on the order of 250 V. The thermal

energy is on the order of 0.1 eV and the resolution becomes

§ = —— = 107 cm. (18)

This is of particular importance for higher magnifications.

To increase picture contrast an inverter unit consisting of an
extremely fine (500 t01500) mesh Nickel screen is positioned opposite
the fluorescent screen; it is operated at 8 to 10 kV.

The microscope may be operated as an ion emission as well as
electron emission device, to permit study of ion emission at pore exits
or patch distribution of the emitter surface. For this purpose the emit-
ter surface can be scanned. The emitter is set up on a table to provide

x-y motion.
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The ion microscope is kept under ultrahigh vacuum by a 200
liter/sec ion pump. Clean surfaces are maintained in the same way
as for tungsten pellets for surface ionization studies; that is, by high
temperature (> 16000K) application, with or without cesium flow. In
case of surface carburization, oxygen is applied.

Figure 42 shows the complete ion microscope setup, with the
ion pump as the supporting base. The tube is divided into two sections.
The lower section contains the movable emitter and the upper section
contains the electrostatic electron optical system as well as the image
inverter. Copper gaskets are used throughout. To avoid excessive
cesium in the system during operation, a cold trap is added in the upper
section. This microscope allows quantitative measurements, and it is
planned to apply it to detailed investigation of the ion emission process
around the pore exit, to evaluate the surface diffusion length, and to
study the patch distribution on the emitter surface under various condi-
tions. The latter necessitates magnification exceeding 103.

Figure 43 is a magnification, in the light of electron emission,
of the porous pellet support. The small single crystals are magnified
about 120 times. The emitter temperature must exceed 1600°K in order
to assure sufficient brightness. Resolution over the whole screen area ‘

will be improved further by polishing the whole emitter surface.




Fig. 42.

Photograph of assembled ion microscope.
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Fig. 43,

Magnification (120x) of the
molybdenum pellet support in
the light of electron emission-
Areasof different work func-
tions appear as different
brightnesses.
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